The epithelium lining the epididymis in the male reproductive tract maintains a luminal environment that promotes sperm cell maturation. This process is dependent on the coordinated expression of many genes that encode proteins with a role in epithelial transport. We previously generated genome-wide maps of open chromatin in primary human epididymis epithelial (HEE) cells to identify potential regulatory elements controlling coordinated gene expression in the epididymis epithelium. Subsequent in silico analysis identified transcription factor-binding sites (TFBS) that were over-represented in the HEE open chromatin, including the motif for paired box 2 (PAX2). PAX2 is a critical transcriptional regulator of urogenital tract development, which has been well studied in the kidney but is unexplored in the epididymis. Due to the limited lifespan of primary HEE cells in culture, we investigated the role of PAX2 in an immortalized HEE cell line (REP). First, REP cells were evaluated by DNase I digestion followed by high-throughput sequencing and the PAX2-binding motif was again identified as an over-represented TFBS within intergenic open chromatin, though on fewer chromosomes than in the primary HEE cells. To identify PAX2-target genes in REP cells, RNA-seq analysis was performed after siRNA-mediated depletion of PAX2 and compared with that with a non-targeting siRNA. In response to PAX2-represssion, 3135 transcripts were differentially expressed (1333 up-regulated and 1802 down-regulated). Novel PAX2 targets included multiple genes encoding proteins with predicted functions in the epididymis epithelium.
Introduction
Immature spermatozoa leaving the testis are not competent to fertilize an oocyte; passage through the epididymis confers this competency and is essential for their mature functions. Properties of the epididymis epithelium that are central to the normal sperm maturation process include those that maintain the luminal environment. The epididymal fluid is regulated by membrane proteins, which control water content, pH, ion secretion and absorption and protein secretion. Mutations in ion channels, such as the cystic fibrosis transmembrane conductance regulator (CFTR), (Traystman et al., 1994; van der Ven et al., 1996) and chloride:bicarbonate exchangers, including solute carrier family 26 A3 (SCL26A3, Hoglund et al., 2006) , can perturb epididymis epithelial function, as can the loss of transcription factors (TFs) such as forkhead box i1 (Blomqvist et al., 2006) . However, the molecular mechanisms that coordinate the expression and response to biological stimuli of the many functionally important genes in the epididymis epithelium are less well studied. This paucity of information is largely due to the lack of robust cellular models to investigate the regulation of human epididymal function in vitro and the difficulty in obtaining human epididymal tissue. To address this problem, we previously established cultures of immature primary human epididymis epithelial (HEE) cells (Harris and Coleman, 1989) and immortalized these cells with an origin-defective SV-40 (Coleman and Harris, 1991) to produce REP cells. Although these cells do not reflect the full, differentiated properties of adult human epididymis epithelium in vivo, in the absence of other reagents, they are of value. Our goal is to determine transcriptional networks that control gene expression and hence the function of the human epididymis epithelium. Transcription factor-binding sites (TFBS) may be revealed by inspection of the DNA sequence in regions of open chromatin. In a previous analysis of immature primary HEE cells, we used DNase I digestion followed by high-throughput sequencing (DNase-seq) to map chromatin accessibility genome wide. Bioinformatic analysis of the sequence within open chromatin peaks was then used to predict † Equal contributions.
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For Permissions, please email: journals.permissions@oup.com over-represented TFBS in HEE-selective regions of open chromatin. Among a number of cell-type-selective TFs identified in this analysis, the paired box gene family member 2 (PAX2) was chosen for further investigation since it is known to be critical for the development of the urogenital tract (Torres et al., 1995) but has not been studied in the human epididymis. PAX2 is expressed in mouse epididymis epithelium (Oefelein et al., 1996) from birth to adulthood and is an abundant TF in HEE and REP cells. Since primary HEE cells are not suitable for long-term analyses due to their limited replicative potential, we chose to use the REP cell line to investigate PAX2 targets in epididymis epithelial cells. First, DNase-seq was used to identify open chromatin genome-wide in REP cells and to confirm that PAX2 TFBS were also over-represented in open chromatin in this cell type. Next, we identified target genes for PAX2 in REP cells by depletion of this factor with a specific siRNA compared with a non-targeting siRNA. Target genes that were positively or negatively regulated by PAX2 depletion were then subjected to gene ontology process enrichment analysis, revealing multiple pathways relevant to epididymis epithelial function.
Materials and Methods

Cell culture
The REP cell line, immortalized by origin-defective simian virus 40 (SV40 ori-) transformation of immature primary HEE cells, was cultured as previously described (Coleman and Harris, 1991) . For the experiments to test androgen receptor (AR) function, cells were cultured in phenol-free CMRL-1066 medium (androgen-free) containing 10% dextran coated-charcoal (C6241, Sigma), stripped FBS for 72 h prior to stimulation with vehicle, testosterone (200 nM, T1500, Sigma) or the synthetic androgen R1881 (1 nM, methyltrienolone, NLP005005MG, PerkinElmer, Waltham, MA) for a further 16 h.
Western blotting and immunofluorescence
Western blots were done by standard protocol as described previously (Leir and Harris, 2011) . The following primary antibodies were used: PAX2 (PRB-276P, Covance Emeryville, CA), AR (sc-816, Santa Cruz, Dallas, TX) and beta-tubulin (T4026, Sigma). Immunofluorescence was performed by standard protocols. Cells grown on coverslips, were fixed in 3.7% paraformaldehyde, permeabilized in 0.5% Triton X-100 and then blocked in 1% BSA, prior to immunostaining with AR antibody. Alexa Fluor w 488-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA) was used to detect AR localization. Nuclei were counterstained with DAPI. Cells on coverslips were mounted on glass slides with FluorSavereagent (EMD Millipore, Billerica, MA) and examined with a fluorescent microscope (Leica DMR).
Microarray analysis
RNA was isolated by Trizol extraction from REP cells treated with vehicle or R1881 for 16 h in two independent experiments. Total RNA was purified by Millipore Microcon YM-100 filter centrifugation and shipped to MoGene for gene expression analysis on Agilent SurePrint G3 8 × 60 K (version 2) arrays. Data from the two microarrays were analyzed using Nexus 3.0 software (BioDiscovery, Inc., Hawthorne, CA, USA). In brief, microarray text files were processed using the default settings for Agilent FE Single Channel files (quantile normalization), incorporating the batch correction option for the two samples. Probes expressed at a very low level in both samples (log2 value ,4.5 in 90% of samples) were removed (34036 probes were retained). Differentially expressed probes were determined by comparing the averages of each group (i.e. R1881 treatment versus vehicle control).
DNase-seq
DNase-seq libraries were prepared from two independent cultures of DNase I-digested REP cells and sequenced separately on an Illumina Hi-Seq machine. DNase peak calls from these two libraries were combined and used for further analysis. Comparative analysis of DNase-seq data used primary HEE cells (Bischof et al., 2013) and five cell types (FibroP, GM12878, K652, HepG2 and HUVEC) (Song et al., 2011) from the Encyclopedia of DNA Elements Consortium (http://genome.ucsc.edu/ENCODE/). All genome data coordinates refer to the hg19 genome and their GEO accession numbers are listed in Supplementary data, Table SIII. REP data are available at GEO (GSE59783).
The peak calls for the DNase-seq data were made with the F-seq application to give a discrete number of DNase I hypersensitive sites (DHS) within the REP cells (Boyle et al., 2008) . These sites were determined by F-seq by fitting the data to a gamma distribution to calculate P-values. P-values below a 0.05/0.01 threshold in contiguous regions were considered significant. All DHS identified on chromosome Y were removed from the analysis to allow for comparison across both male and female cell types. After producing the number and location of DHS for the REP cells, the DHS of five non-related cell types (FibroP, GM12878, K562, HepG2 and HUVEC) were intersected with the REP data for comparison. Those sites from the REP cells that were not overlapped by any other data sets were designated REPselective sites. The REP sites that were overlapped by a DHS in all of the cell types comprised the list of 'REP-ubiquitous sites'. The REP-selective sites were also compared with those sites from HEE cells.
DHS overlapping gene annotation
The genomic indices of REP-selective DHS, ubiquitous DHS (i.e. DHS occurring in REP cells that were overlapped by DHS from all background cell types), and all DHS were intersected with the genomic indices of all human genes, their promoters (2 kb upstream of transcriptional start sites), exons, introns and intergenic sequence. The human gene annotation was derived from a list of all human Entrez genes downloaded from NCBI. These Entrez genes were each linked to their representative RefSeq sequences and the RefSeq indices were downloaded from UCSC's genome browser (http://www.ncbi.nlm.nih.gov, http://genome.ucsc.edu).
Clover analysis
The Clover application was used to search for motifs common to DHS within promoter and intergenic sequence near genes. Clover is an open-source application that identifies motifs (from an input set) that are statistically over-or under-represented in a set of sequences with respect to a set of background sequences (Frith et al., 2004) . The promoter regions were defined as 2 kb upstream of the transcription start site of all human genes. The intergenic regions that were searched included any genomic region .2 kb but ,10 kb from the start or stop of gene transcription.
SiRNA-mediated depletion of PAX2
Cells at 40 -50% confluence were transfected with non-targeting control-or PAX2-targeting siRNA (sc-37007 and sc-38745, Santa Cruz) using RNAiMax Lipofectamine 2000 reagent (Life Technologies, Grand Island, NY) at a final concentration of 20 nM. After 24 h, media was replaced with fresh media. At 72 h post transfection, the cells were washed in PBS and immediately harvested for RNA extraction using TRIzol w (Life Technologies) or for whole cell lysate (using NET Buffer (Leir and Harris, 2011) ).
Quantitative RT-PCR (RT-qPCR)
The TaqMan w reverse transcription kit (Life Technologies) was used to make cDNA from total RNA and RT-qPCR was then used to measure gene expression levels. The primers used are listed in Supplementary data, Table SII.
PAX2 transcriptional regulation in epididymal cells
Library preparation for RNA-seq Total RNA yield and purity was assessed by NanoDrop (Thermo Scientific, Waltham, MA, USA). RNA libraries were prepared from 2 mg of total RNA from four biological replicates from control-and PAX2-siRNA-transfected cells, using the TruSeq TM RNA sample preparation kit as per the manufacturer's protocol (Illumina, San Diego, CA, USA). Sequencing was performed on an Illumina Hi-Seq 2000.
RNA-Seq data analysis
The eight sets of RNA-seq data (4× control and 4× PAX2-knockdown) generated 3.2 × 10 8 aligned sequences, or 4 × 10 7 reads each. First, all sequences were mapped back to human genome (hg19) using the default setting of TopHat (v2.0.9) (Trapnell et al., 2012 ). The aligned reads were then processed by Cufflinks (v2.1.1) to assemble expressed genes and transcripts against the UCSC hg19 gene structure annotation and to estimate expression levels for each transcript. The assembly files for each of the eight samples were then merged to create a single transcriptome annotation and differentially expressed genes identified by Cuffdiff. Samples were then normalized and expressed as fragments per kilobase of transcript per million fragments mapped (FPKM) and both a test statistic (P-value) and an adjusted P-value (q-value) were calculated. Genes with a fold change ≥1.5 and an FPKM ≥1.5 were considered differentially expressed. Data are available at GEO (http://www.ncbi.nlm.nih.gov/geo/ GSE59783). Biological processes associated with differentially expressed genes were identified using DAVID.
Statistical analysis
Data are expressed as mean + SD. The GraphPad Prism 6 software was used to analyze statistical differences between experimental groups using Student's t-test and the values of P , 0.05 were considered significant.
Results
Characterization of REP cells
Since REP cells were derived from primary cultures of immature epididymis by SV40 ori immortalization, we first demonstrated their utility for studies of epididymis epithelial function. A key TF in this epithelium is the AR, which was shown by western blot to be expressed in both vehicle-and androgen R1881 (1 nM)-treated REP cells ( Fig. 1 inset) . Moreover, functional activity of the AR was confirmed by immunofluorescence ( Fig. 1A-D (Table I) to that reported previously in primary HEE cells (132 814 sites) (Bischof et al., 2013) . To identify cis-regulatory elements that were selective for REP cells, REP DHS were intersected with DHS from five different cell types, generated by the ENCODE consortium (Song et al., 2011) and non-overlapping sites recorded. The five ENCODE data sets were from skin fibroblasts (FibroP), a lymphoblastoid cell line (GM12878), an erythroleukemia cell line (K562), a liver carcinoma cell line (HepG2) and human umbilical vein endothelial cells (HUVEC). Of the sites, 18% (22 644) were REP selective and 26% (32 434) were ubiquitous in that they intersected with DHS identified in the ENCODE cell lines. The genomic overlap between the REP DHS and the other five cell types was equivalent to that observed in primary HEE cells (45 -58%) (Bischof et al., 2013) (Supplementary data, Fig. S1 ), and the distribution of cell-type selective (25.3%) and ubiquitous (23.8%) sites was similar. Of note was the high number of overlapping selective-sites (62 115 sites; 65%) between the REP and the primary HEE cells demonstrating extensive similarity between the two cell types despite the immortalization process. The numbers of DHS in each cell type are shown in Table I . Next, we mapped the location of the three categories of REP DHS (REP-selective, ubiquitous and all DHS) across different genomic elements according to the following criteria: promoter (2 kb 5 ′ to the transcriptional start site), exon 1, intron 1, other genic, 2 kb 3 ′ to the transcriptional stop site and intergenic (Supplementary data, Fig. S2 ). The REP-selective DHS showed a similar distribution to that observed in HEE-selective DHS (Bischof et al., 2013 Table SV ). In silico prediction of TFBS that are over-represented in REP-selective DHS on 10-23 chromosomes identified multiple TFs relevant to the differentiated function of the epididymis epithelium. These included hepatocyte nuclear factor 4 alpha (HNF4a), SMAD family member 4 (SMAD4), sterol regulatory element-binding transcription factor 2 (SREBP2) and nuclear factor, erythroid 2-like 2 (NFE2L2). TFBS that are highly over-represented on a similar number of chromosomes in both REP-selective sites and ubiquitous-sites include PAX2, AR, signal transducer and activator of transcription 6, interleukin-4 induced (STAT6), E74-like factor 5 (ets domain TF) (ELF5) and ets variant 4 (PEA3).
Transcriptional profile of the REP epididymis cell line and its regulation by the PAX2 transcription factor
One of the TFs identified in the Clover analysis of over-represented TFBS in both REP cells (Supplementary data, Table SV ) and HEE cells (Bischof et al., 2013) is PAX2. PAX2 is known to have an important role in regulating gene expression and epithelial function in the urogenital tract. However, it has not been well studied in the epididymis epithelium, so we chose to investigate its role in controlling gene expression in REP cells. RNA-seq analysis was performed on four biological replicas of REP cells transfected with non-targeting control siRNA or PAX2-specific siRNA. Efficacy of siRNA-mediated depletion of PAX2 in REP cells is shown in Fig. 2 . RNA-seq libraries were subjected to 100 base pair, paired end sequencing (Hi-Seq), yielding 4 × 10 7 reads per sample.
RNA-seq data were analyzed by TopHat and Cufflinks (Trapnell et al., 2012) to obtain estimates of the expression level of genes and transcripts. The MultiDimensional Scaling plot in Supplementary data, Fig. S3 demonstrates that the PAX2-and negative control siRNA-treated samples clustered together as two independent groups. PAX2 depletion in REP cells differentially regulated the expression of 3135 genes by at least 1.5-fold (FPKM ≥ 1.5). Of these, 1333 were up-regulated and 1802 were downregulated (Supplementary data, receptor potential cation channel, subfamily V, member 4 (TRPV4, P , 0.001), carbonic anhydrase IX (CA9, P , 0.01), pre-B-cell leukemia homeobox 1 (PBX1, P , 0.001) and solute carrier family 26 (anion exchanger), members -6 and -11 (SLC26A6, P , 0.05 and SLC26A11, P , 0.01) in PAX2-depleted cells (all n ¼ 3, Fig. 3 and Table III ).
Identification of PAX2-targeted pathways in REP epididymis cells
Entrez Gene IDs for the 3207 genes differentially expressed by 1.5-fold in PAX2-depleted cells were evaluated by the DAVID program (Huang da et al., 2009a, b) . Relevant statistically significant DAVID ontologies/pathways (P , 0.05) are listed in Table II . These include a number of critical pathways in epididymis epithelial function. First, transcriptional pathways that reflect both the nuclear location and the ability of PAX2 to bind DNA in vitro (Torban and Goodyer, 1998; Soofi et al., 2012) were evident, for example GO:0006350, P ¼ 1.2 × 10 24 and GO:0045449, P ¼ 3.0 × 10 24 , among others with lower but still highly significant P values. Next, there were pathways associated with developmental processes, consistent with the critical role of PAX2 in urogenital tract development (Torres et al., 1995) ; these include GO:0051094, P ¼ 1.8 × 10 23 and GO:0048754, P ¼ 9.0 × 10 23 . The role of PAX2 in epithelial cell proliferation and cell survival was illustrated by highly significant association with GO:0042127, P ¼ 1.5 × 10 25 and GO:0008284, P ¼ 7.1 × 10 25 and is consistent with the function of PAX2 in promoting proliferation and suppressing apoptosis in response to renal injury (Torban and Goodyer, 1998; Zhang et al., 2004; Cohen et al., 2007) . PAX2 also appears to have an important role in cell adhesion (GO:0070161, P ¼ 9.6 × 10 26 and GO:0005912, P ¼ 5.6 × 10
25
) and cell migration (GO:0051272, P ¼ 1.6 × 10 . Pathways associated with cell and substrate adherens junctions (GO:0005912, P ¼ 5.6 × 10 25 and GO:0005924, P ¼
× 10
24
) and cell-cell junctions (GO:0005911, P ¼ 3.5 × 10 23 and GO:0030054, P ¼ 5.7 × 10
23
) were also identified. Another major group of pathways that are influenced by PAX2 depletion involves signaling by growth factors and hormones. This is important since luminal fluid growth factors are known to interact with their receptors in the epididymis epithelium to regulate gene transcription via the activation of MAP kinase-or PI3 kinase pathways (Kirby et al., 2003) . Processes relevant to MAPKKK cascades identified in PAX2-depeleted cells include GO:0000165, P ¼ 1.7 × 10 23 and GO:0043408, P ¼ 6.5 × 10
. Steroid hormones (androgens and glucocorticoids) and their nuclear receptors (AR and GR) also play important roles in the epididymis (Silva et al., 2011) . The observation of high P-value pathways associated with steroid hormone signaling after PAX2 depletion including GO:0048545, P ¼ 5.7 × 10 25 , and GO:0009725, P ¼ 9.0 × 10 25 is consistent with this role. Another signaling pathway of specific interest in the epididymis, which is altered on PAX2 depletion, is retinoic acid signaling. Pathways of response to vitamins including vitamin A (retinol) were identified in the DAVID analysis, including GO:0033273, P ¼ 3.0 × 10 24 , GO:0033189, P ¼ 1.7 × 10 22 and GO:0032526, P ¼ 1.6 × 10
22
. Finally, another process potentially relevant to epididymis epithelial function that was altered after PAX2 depletion was hypoxia (GO:0070482, P ¼ 4.1 × 10 25 and GO:0001666, P ¼ 4.0 × 10 25 ).
Identification of novel regulatory elements in PAX2-target genes
The definition of PAX2-target genes by RNA-seq after specific siRNAdepletion led us to inspect the open chromatin maps for individual genes to determine whether they contained predicted PAX2-binding peaks of open chromatin. This approach facilitates dissection of the molecular basis of PAX2 interactions in gene expression. To illustrate this we genes in PAX2-knockdown versus control REP cells. cDNA was synthesized from total RNA and qRT -PCR analysis confirmed the downregulation of transient receptor potential cation channel, subfamily V, member 4 (TRPV4, P , 0.001), carbonic anhydrase IX (CA9, P , 0.01), pre-B-cell leukemia homeobox 1 (PBX1, P , 0.001), solute carrier family 26 (anion exchanger), members 6 and 211 (SLC26A6, P , 0.05 and SLC26A11, P , 0.01) in PAX2-depleted cells (white bars). Data are expressed relative to beta-2 microglobulin (mean + SD, n ¼ 3) in comparison with negative control siRNA (NC, black bars). *P , 0.05, **P , 0.01, **P , 0.001 and ***P , 0.0001 versus NC siRNA-transfected cells.
examined two of the genes that were down-regulated by loss of PAX2 and were subsequently confirmed by qRT-PCR, TRPV4 and PBX1. For clarity in this analysis we concentrated on REP-selective DHS, though many important regulatory elements, particularly those at gene promoters, would be found in multiple cell types. TRPV4 contained a peak of open chromatin in its first intron that was predicted by in silico analysis to encompass a PAX2 motif (Fig. 4A arrow) . The first intron is a common site for critical cis-regulatory elements. In the much larger PBX1 locus, multiple REP-selective intronic DHS were identified, several of which coincided with HEE-selective sites. Of particular interest are two sites seen in REP and HEE that contain PAX2 motifs (Fig. 4B arrows marking gray bars).
Discussion
Genome-wide analysis of transcriptional networks in different cell types has the power to identify regulatory elements to further our understanding of tissue-specific biological processes. Previous DNase-seq analysis in immature primary HEE cells identified the binding site for PAX2, a critical TF for urogenital tract development (Torres et al., 1995) , to be overrepresented in HEE-selective regions of open chromatin. In light of the limited replicative potential of HEE cells, we investigated PAX2-regulated genes in the HEE-derived cell line, REP. We confirmed PAX2 expression in these cells and also detected a functional AR, which is pivotal for epididymis formation and function (O'Hara et al., 2011) . The effect of the synthetic androgen, R1881, on gene expression was confirmed by microarray analysis. Although few known AR targets were identified, AR-regulated genes have not been well characterized in HEE cells. We further characterized the REP cells, by performing DNase-seq analysis of these cells and comparing the data with results from primary HEE cells (Bischof et al., 2013) . Specifically, DNase-seq mapped chromatin accessibility genome wide. Bioinformatic analysis of the sequences within open chromatin peaks was then used to predict over-represented TFBS in REP-selective regions of open chromatin and identified HNF4a, SMAD4, SREBP2 and NFE2L2 among other factors. These TFs have not previously been studied in human epididymis epithelium; however, in the mouse kidney, Hnf4a was shown to be a collaborating factor for the AR (Pihlajamaa et al., 2014) and Nfe2l2 has a role in mouse spermatogenesis (Nakamura et al., 2010; Yu et al., 2012) . SMAD4 is an important downstream effector of TGF-b signaling, which is involved in many cellular functions, including proliferation, apoptosis, development and the cell cycle (Massague, 2012) . Specific to epididymis function, TGF-b was shown to modulate blood -epididymisbarrier permeability via effects on tight junctions (Stammler et al., 2013) . SREBP2 regulates the de novo synthesis of cholesterol, a precursor of important hormones in the epididymis. NFE2L2 binds antioxidant response elements in target gene promoters to regulate gene expression, which may be relevant to the secreted antioxidant enzymes/molecules that protect spermatozoa from oxidative stress (Vernet et al., 2004) . Equally, over-represented in both REP-selective sites and ubiquitous sites were TFBS for PAX2, AR, STAT6, ELF5 and PEA3, all of which are relevant to the biology of the epididymis epithelium. STAT6 may play a role in the epididymis epithelial response to inflammation (Turner et al., 2011) ; ELF5 may regulate a number of genes in glandular epithelial cells (Lapinskas et al., 2004) and PEA3 (also known as ETV4) may play a role in urogenital tract development (Kuure et al., 2010) . The critical importance of PAX2 in the urogenital tract (Torres et al., 1995) has already been mentioned and our aim was to determine its targets in the epididymis epithelium.
Identification of PAX2-regulated genes
Among the genes that are differentially expressed by at least 1.5-fold (FPKM ≥ 1.5) in response to PAX2 depletion in REP cells are many with predicted importance in epididymis epithelial function (Table III, Supplementary data, Table SVI ).
Development
PAX2-regulated genes relevant to development include Gremlin 1, DAN Family BMP Antagonist 1 (GREM1), a bone morphogenic protein antagonist which was up-regulated (2.1-fold) in PAX2-depleted cells. Like PAX2, GREM1 participates in kidney branching morphogenesis (Michos et al., 2007) . In response to renal injury, several studies support pro-proliferative and anti-apoptotic roles for PAX2 (Torban and Goodyer, 1998; Zhang et al., 2004; Cohen et al., 2007) . Although the anti-apoptotic mechanism is not yet defined, the anti-apoptotic role of MAPK8IP1 (Bonny et al., 2000) and the ability of its encoded protein (JNK-interacting protein-1) to interact with PAX2 (Cai et al., 2002) may suggest a novel role for MAPK8IP1 in the anti-apoptotic mechanism of PAX2.
Cell junctional complexes
PAX2-regulated genes associated with cell-cell junctions, that are important for sperm maturation, include several members of the Claudin family (CLDN2, -4 and -11), the junctional adhesion molecule (JAM) family (JAM2 and -3) and the Cingulin (CGN) gene. Claudins are known to be important in the epididymis, where they contribute to the blood -epididymis barrier (Cyr et al., 2007) . Knockdown of CLDN1, 23, 24 or 27 in cultured human epididymal cell lines dramatically decreased their trans-epithelial electrical resistance, a measure of epithelial barrier function (Dube et al., 2010) . Adherens junctions are important for cell adhesion and consist of two adhesive multi-protein complexes: the nectin -afadin complex and the cadherin -catenin complex. Of these, the expression of both the PVRL1 gene (which encodes Nectin-1) and the CDH6 gene (which encodes Cadherin-6) were down-regulated by PAX2 depletion.
Signaling pathways
PAX2 depletion also modulated several ligands and receptors of the PDGF and TGF-b signaling pathways. Perhaps of relevance to this is the phenotype of Pdfg-a-null mice, which exhibit disruption of the epididymis epithelium at post-natal Day 25 (Basciani et al., 2004) . Several genes encoding components of the retinoic acid signaling pathway, including stimulated by retinoic acid 6 (STRA6), retinol-binding protein 1, cellular (RBP1) and cellular retinoic acid-binding proteins 1 and 2 (CRABP1 and CRABP2), were also down-regulated by PAX2 depletion. The importance of retinoic acid in maintaining integrity and function of the epididymis epithelium was described previously (Robaire and Hinton, 2002) .
Transport of ions and other molecules
PAX2-regulated genes associated with water and ion transport include ATPase, Na + /K + transporting, alpha 1 and alpha 3 polypeptide (ATP1A1 and ATP1A3) and aquaporin 3 (AQP3). The ATP1A members encode subunits of the Na + /K + -ATPase ion pump that facilitates water movement across the epididymis (Ilio and Hess, 1992) , AQP3 was detected in rat epididymis epithelial cells (Hermo et al., 2004) where it probably contributes to water reabsorption from the epididymis lumen. In the airway, AQP3 protein is thought to functionally interact with CFTR, another protein that is critical to ion transport across the epididymis epithelium (Schreiber et al., 1999) . PAX2 depletion also downregulated several genes encoding different subunits of the V-ATPase proton pump, which maintains an acidic epididymal lumen required for sperm maturation (Jensen et al., 1999; Isnard-Bagnis et al., 2003; PastorSoler et al., 2003 following PAX2 depletion in REP cells. Luminal acidification is in turn fine tuned by bicarbonate transport across the epididymis epithelium (Shum et al., 2008) , which can be regulated by solute carrier family 26 anion exchanger (SLC26A) family members. PAX2 depletion was seen to down-regulate SLC26A6 and SLC26A11, which encode two bicarbonate transporters. SL26A6 and CFTR are known to function together in the pancreatic duct, where mutations in CFTR can be measured as defects in bicarbonate transport (Ko et al., 2002; Chernova et al., 2003; Ko et al., 2004) and SLC26A6 can also mediate bicarbonate transport under the control of CFTR in other tissues (Shcheynikov et al., 2008) . In human efferent ducts, SLC26A6 is coexpressed with CFTR and the sodium-hydrogen exchanger 3 (NHE3 or SLC9A3) (Kujala et al., 2007) .
Hypoxia
There is increasing interest in the role of hypoxia on male fertility, in part related to transient existence at high altitude and this correlates with aberrant function of the epididymis (Vargas et al., 2011) . Hence, the identification of expression level changes in hypoxia-associated genes [e.g. the aryl hydrocarbon receptor nuclear translocator 2 (ARNT2) and vascular endothelial growth factor A (VEGFA)] after PAX2 depletion is of interest and is consistent with a report of PAX2 up-regulation in renal epithelial cell lines exposed to hypoxia (Luu et al., 2009) . In response to hypoxia, ARNT2 interacts with HIF1-alpha in the nucleus to bind to hypoxia-responsive elements in enhancers and promoters of oxygenresponsive genes such as VEGFA. A role for VEGF in non-endothelial cells is supported by the detection of ligands and receptors of VEGF in basal cells of the human epididymis (Ergun et al., 1998) and in renal epithelial cells (Tufro et al., 1999; Kanellis et al., 2000; Villegas and Tufro, 2002) . The data reported here reveal multiple genes and processes regulated by the PAX2 TF in a human epididymal cell line, which are relevant to the biological functions of the epididymis epithelium. These results will open new pathways of investigation that may facilitate novel therapeutic approaches to male infertility.
Supplementary data
Supplementary data are available at http://molehr.oxfordjournals.org/.
